Dysregulation of sleep and feeding has widespread health consequences. Despite 2 extensive epidemiological evidence for interactions between sleep and metabolic 3 function, little is known about the neural or molecular basis underlying the integration of 4 these processes. Drosophila melanogaster potently suppress sleep in response to 5 starvation, and powerful genetic tools allow for mechanistic investigation of sleep-6 metabolism interactions. We have previously identified neurons expressing the 7 neuropeptide leucokinin (Lk) as being required for starvation-mediated changes in sleep.
12 neurons in the ventral nerve cord (Fig 2A) . To localize the population of neurons that 13 regulate starvation-induced sleep suppression, we restricted GAL4 expression primarily 14 to the brain by expressing GAL80, a GAL4 repressor, in ventral nerve-cord using 15 teashirt-GAL80 (tsh-GAL80) [28] . Expression of CD8::GFP (Lk-GAL4>CD8:GFP;Lk-16 GAL80) revealed tsh-GAL80 blocks expression in all but two ventral nerve cord neurons, 17 without affecting expression in the brain (Fig 2B) . Silencing the remaining SELK, ALK, 18 and LHLK neurons by expressing light-chain tetanus toxin (TNT) (tsh-GAL80;Lk-19 GAL4>UAS-TNT) abolished starvation induced sleep suppression, phenocopying the 20 effects of silencing all Lk neurons (Lk-GAL4>UAS-TNT) ( Fig 2C and 2D) [29] . Further, 21 no differences in sleep on food were detected between groups, and there was no effect 22 of expressing an inactive variant of tetanus toxin light chain (impTNT) in Lk neurons, 23 fortifying the notion that Lk neurons are dispensable for sleep regulation on food. Taken 24 8 together, these findings suggest Lk neurons within the brain are required for sleep 1 metabolism interactions.
2
It has previously been reported that Apterous-GAL4 drives expression in the LHLK 3 neurons, as well as neurons in the optic lobe, antennal mechanosensory and motor 4 centers (AMMC), and a small population of mushroom body neurons (S2A Fig) [25, 30] . Apterous-GAL4 (Apt-GAL4>UAS-TNT) inhibited starvation-induced sleep suppression 10 and promoted sleep on food, while no effects were observed in flies expressing inactive 11 tetanus toxin (Apt-GAL4>UAS-impTNT) (Fig 2E) . To verify that the sleep phenotype was 12 due to blocking Lk release from LHLK neurons, we expressed Lk in neurons labeled by 13 Apt-GAL4 in the Lk c275 mutant background and measured sleep. Rescue in Apt-14 expressing neurons (Lk c275 ;Apt-GAL4>Lk c275 ;UAS-Lk) restored starvation-induced sleep 15 suppression to heterozygote control levels (Apt-GAL4;Lk c275 /+ and UAS-Lk;Lk c275 /+),
16
whereas flies harboring either GAL4 or UAS in the Lk c275 mutant background failed to 17 suppress sleep (Apt-GAL4;Lk c275 and UAS-Lk;Lk c275 , Fig 2F) . These data support a role 18 for the LHLK neurons in starvation-induced sleep suppression, but do not rule out the 19 possibility that other neurons labeled by Apt-GAL4 also contribute to this phenotype.
20
To verify genetic silencing experiments, we sought to precisely ablate the LHLK neurons Following ablation larvae were transferred back into food vials and 5-7 day old adult flies 5 were tested for sleep under fed and starved conditions. After behavioral testing, brains 6 were dissected and imaged to verify selective bilateral ablation of the LHLK or unilateral 7 ablation of two ALK neurons ( Fig 2I) . Flies with ablated ALK neurons suppressed sleep 8 during starvation similarly to controls ( Fig 2G) . Conversely, bilateral ablation of the LHLK 9 neurons abolished starvation-induced sleep suppression without affecting sleep on food, 10 revealing an essential role for the LHLK neurons in the integration of sleep and 11 metabolic state ( Fig 2H-I) .
12
The finding that the LHLK neurons are required for starvation-induced sleep suppression 13 raises the possibility that the activity of Lk neurons is modulated by nutritional state. We 14 selectively expressed a GCaMP6.0-mCherry (UAS-GCaMP-R) fusion protein that allows 15 for ratiometric detection of Ca 2+ activity [34] in Lk neurons and measured the response to 16 nutrients. The brains of fed controls or 24hr starved flies were imaged for GCaMP6.0 17 and mCherry signal ex vivo ( Fig 3A) . Flies expressing the GCaMP-mCherry indicator in Fig 3B) . Conversely, no difference in the GCaMP/mCherry ratio between fed and 23 starved state was detected in the SELK neurons that localize to the subesophageal 24 ganglion ( Fig 3B) . To validate that the activity in Lk neurons is modulated by feeding 25 state in an intact animal, we performed in vivo recordings in tethered flies (Fid 3D).
1
Briefly, a portion of the head capsule was removed so that the LHLK neurons were 2 accessible, and the activity was recorded in flies that had been previously fed or starved 3 for 24 hours (Fig 3C) . In agreement with ex vivo findings, the GCaMP/mCherry ratio was 4 elevated in the LHLK neurons of starved flies, fortifying the notion that Lk neurons are 5 more active during starvation ( Fig 3E) .
6
In mammals, the activity of sleep and wake promoting neurons are directly modulated by 7 glucose and other circulating nutrients [35, 36] . It is possible that the activity of Lk 8 neurons is modulated in accordance with feeding state by sensory detection of tastants, 9 or indirectly result from detection of changes in circulating nutrients. To differentiate 10 between these possibilities, the brains of fed flies were removed and treated with either 11 glucose, or the competitive inhibitor of glycolysis, 2 deoxy-glucose (2DG) [37] [38] [39] .
12
Application of glucose reduced Ca 2+ activity in Lk neurons compared to controls treated 13 with Drosophila hemolymph-like solution alone, suggesting these neurons are sensitive 14 to circulating glucose ( Fig 4E) . Further, the combined application of 2-DG and glucose 15 increased Ca 2+ activity to levels greater then hemolymph alone, mimicking the starved 16 state. Taken together, these findings indicate that the activity of Lk neurons are 17 modulated in accordance with nutrient availability and support the notion that the LHLK 18 neurons are more active during starvation, thereby suppressing sleep.
19
The localization of nutrient-dependent changes in activity to LHLK neurons raises the 20 possibility that cell-autonomous nutrient sensors or signaling pathways function within Lk 21 neurons to modulate sleep. To identify regulators of sleep that modulate activity of Lk 22 neurons, we expressed RNAi targeted to 28 RNAi lines encoding putative nutrient 23 sensors or signaling pathways using Lk-GAL4 and measured starvation-induced 24 changes in sleep ( Fig 4A) . RNAi knockdown of AMPKα Activated Protein Kinase in Lk 25 11 neurons alone abolished starvation-induced sleep suppression compared to GAL4 1 controls crossed to the isogenic host strain for the RNAi library (Fig 4A and 4B) [40] . In 2 addition, genetically restricting AMPK knockdown in flies harboring tsh-GAL80 (tsh-3 GAL80;Lk-GAL4>AMPKα-RNAi) also impaired starvation-induced sleep suppression 4 ( Fig 4C) . Of particular interest is the finding that knockdown of AMPKα in Lk neurons 5 (Lk-GAL4> AMPKα-RNAi) reduces sleep in fed flies rather than blocking the starvation 6 induced sleep suppression, supporting the notion that inhibition of AMPK in Lk neurons 7 alone is sufficient to induce changes in sleep that are indicative of the starved state. To induced changes in sleep or locomotor activity, yet many of these genes have pleiotropic 5 functions on behavior or metabolic function [21, 27, 41, 42] . For example, the glucagon- 
16
The failure of Lk mutants to suppress sleep under starved conditions phenocopies 17 mutation of the RNA/DNA binding protein trsn. Loss of trsn does not impact feeding 18 behavior but impairs starvation-induced sleep suppression suggesting that trsn is not 19 generally required for hunger-induced behavior [45] . While trsn is broadly expressed in 20 the fly nervous system [46, 47] , we previously found that selective knockdown of trsn in 21 Lk neurons disrupted starvation induced sleep suppression [45] . These findings raise the 22 possibility that trsn functions to regulate changes in physiology of Lk neurons to 23 modulate sleep under starved conditions. In mice, trsn is required for dendritic trafficking 24 of brain-derived neurotrophic factor (BDNF) mRNA and hippocampus-dependent 25 13 memory formation suggesting a critical role in synaptic function and plasticity [48, 49] . 
10
In Drosophila, a number of circulating nutrients including fructose, trehalose, and 11 glucose have been found to affect central brain physiology and behavior [39, 66, 67] .
12
While nutrients may be detected by gustatory receptors expressed in the periphery to [73]. Further, the LHLK nutrient phenotype is similar to the neurons within the ellipsoid 23 body labeled by the sodium/glucose co-transporter SLC5A11 that are active during 24 starvation and promote feeding [38, 74] . SLC5A11 and its cognate neurons are required 25 15 for a variety of hunger-induced feeding behaviors, but the effect on sleep has not been 1 identified [74] . Our screen found that knockdown of SLC5A11 in Lk neurons did not 2 affect starvation-induced sleep suppression suggesting alternative regulators of sleep.
3
The identification of LHLK neurons as starvation-active neurons provides a system for 4 identification of additional nutrient sensors that regulate sleep.
5
The finding that the activity of LHLK neurons are modulated by feeding state have 6 parallels with sleep-regulating neurons in mammals. In mice, both sleep and wake- (Table 1) .
15
Generation of GAL4 knock-in mutants and UAS-Lk Glut 1 CG43946 v47179 (2) v47178 (3) v13326 (1) FBgn0264574
Silnoon CG8271 v4607 FBgn0033657 
8
Recording were taken for 120 seconds, capturing 1 frame/ 5 seconds with 512 x 512 9 resolution. For analysis, regions of interest (ROI) were drawn manually, capturing the 10 same area between experimental and control. The mean fluorescence intensity was 11 subtracted from background mean fluorescence intensity for FITC and TRITC per frame.
12
Then, the ratio of GCaMP6.0 to mCherry was calculated and plotted as an average of 13 the total time recorded per brain imaged. of the brain to be imaged. A small hole was cut in the tin foil and fixed to the stage and 19 fly head, leaving a window of cuticle exposed, then sealed using dental glue (Tetric 20 EvoFlow, Ivoclar Vivadent). The proboscis was extended and dental glue was used to 21 secure it in place, ensuring the same position throughout the experiment. The experimental data are presented as means ± s.e.m. Unless otherwise noted, a one-2 way or two-way analysis of variance (ANOVA) followed by Tukey's pot-hoc test was 3 used for comparisons between two or more genotypes and one treatment and two or 4 more genotypes and two treatments. Unpaired t-test was used for comparisons between 5 two genotypes. All statistical analysis were performed using InStat software (GraphPad 6 Software 6.0) with a 95% confidence limit (p < 0.05). Tret-1(1) dSUR pka-C2(1) Glut-1(1) pka-C2 (2) Pka-R1 cupcake(1) + dIRK (1) dIRK (2) pka-R2(1) pka-R2 (2) 
